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Nephron function of the transplanted rat kidney. Tubular func-
tion in the early phase (one to three hours) after transplantation of
rat kidneys was analyzed with respect to glomerolar filtration,
vascular and tubular pressures, and excretory variables. Kidneys
exposed to a short period of cold ischemia (two hours) functioned
almost normally, except for a polyoria. After 12 and 16 hr of cold
ischemia, nephron heterogeneity appeared with 1) "normal" tu-
bules, 2) dilated tubules, and 3) collapsed tubules. In the "nor-
mal" tubules, the pressure was increased to 20 mm Hg, and the
filtration was reduced in proportion to the mean net driving force.
The dilated tubules had no filtration due to a more or less complete
tubular obstruction, probably located in the thin loop of Henle and
in the collecting ducts. The collapsed tubules had no filtration due
to glomerular ischemia, which in torn might be the consequence of
afferent arteriolar constriction. The total GFR was greatly reduced
since only the "normal" tubules contributed to the total filtration.
Concentrating ability and potassium secretion were also impaired.
We interpreted this impairment as being due to medollary dysfunc-
tion, which would explain the isosthenuria and the impaired potas-
sium transport.
Fonctionnement du néphron dans le rein transpianté. La fonc-
tion tubulaire ix la phase précoce (1 a 3 hr) après la transplantation
rénale chez le rat a été etudiée en ce qui concerne la filtration
glomérulaire, les pressions tubulaire et vascolaire et l'excrétion.
Les reins exposés ix one période coorte d'ischémie froide (2 hr)
fonctionnent presque normalement, Ia polyorie est la seole anom-
alie. Après 12 et 16 hr d'ischémie froide, l'hétérogénéité des
néphrons apparait avec: 1) des tubes "normaux," 2) des tubes
dilates, et 3) des tubes en collapsus. Dans les tubes "normaox" la
pression est augmeritée a 20 mm Hg, et la filtration est redoite
proportionnellement a la force nette moyenne de filtration. Les
tubes dilates n'ont pas de ifitration do fait d'une obstruction
tobolaire plus ou moms complete, probablement localisée a la
partie gréle de l'anse de Henle et aox canaox collecteurs. Les
tubes en collapsus n'ont pas de filtration do fait de l'ischémie
glomérulaire laqoelle peut étre Ia conséqoence de la constriction
de I' arteriole afférente. La filtration glomérulaire totale est con sid-
érablement rédoite poisqoe seols les tubes "normaox" y contri-
boent. Le poovoir de concentrafion et la secretion de potassium
sont aossi altérés. Cela est interprétC comme one alteration do
fonetionnement médollaire, qui explique ala fois l'isosthénorie et
l'anomalie du transport de potassiom.
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Graft survival after the treatment of uremia with
renal transplantation is influenced by several factors.
Histocompatibiity and the quality of the donor kid-
ney are the most important. These two factors do not
comprise separate problems but have to be consid-
ered in combination. Thus, the insertion of a kidney
that never gains any function exposes the patient to
unprofitable risks of surgery and also to the risks
inherent in the immunosuppressive treatment. In the
long run, damage induced during the preservation of
the donor kidney may lead to an insufficient function
with chronic renal failure [11. Furthermore, preser-
vation injuries may exaggerate the immunological
reaction both with respect to hyperacute rejection
and to rejection episodes during the first year [2, 3].
The quality of the donor kidney, especially a ca-
daveric transplant, is influenced not only by several
events before harvesting, but also by current preser-
vation techniques. Knowledge of the pathophysio-
logical characteristics of grafts that have different
degrees of damage can contribute to a better under-
standing of graft failure, to improvement of the pres-
ervation techniques and, also, to further elucidation
of acute renal failure from causes other than kidney
transplantation.
As yet, most investigations of the renal function in
the posttransplantatory period have been carried out
in man or in the dog [4—7]. No in-depth studies on
the nephron function in transplanted kidneys by mi-
cropuncture techniques have been reported so far. In
contrast, acute renal failure in other experimental
models has been the object of many investigations
[8—23].
It is evident that the different types of renal failure
induced by such different methods are not identical
from a pathophysiological point of view. The failure
of onset of function in renal transplantation is thus
not necessarily equivalent to the acute renal failures
induced by other causes. They will have, however,
characteristics in common with a greatly decreased
glomerular filtration rate (GFR) measured by clear-
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ance techniques, and a fairly well-preserved total
renal blood flow. An additional characteristic is the
isosthenuria—either polyuric or, in more ingraves-
cent cases, oliguric.
At present the concepts about the pathophysiolog-
ical events underlying the development of renal fail-
ure are highly controversial. Cortical ischemia has
hitherto been considered of major importance [24—
26], but recent investigations [9, 27, 28] have shown
that the total renal blood flow in the initial post-
ischemic period is well-maintained and cannot alone
explain the depressed GFR. For this reason, it has
been supposed by Oken [291 and Reubi and Vorbur-
ger [301 that the low filtration rate is the consequence
of a constriction of the afferent arteriole and a dilata-
tion of the efferent arteriole (vasomotor nephropa-
thy). A decrease in the hydraulic conductivity of the
glomerular capillary membrane has also been sug-
gested as an explanation for the reduced GFR [13,
311. Other workers, however, argue in favor of an
obstruction of the proximal tubules with protein and
cell debris [11, 32]. Furthermore, backflow of filtrate
across the damaged tubular cells might also occur
[10, 331.
From a previous investigation in this laboratory
[34], we concluded that reduction of the medullary
blood flow during the early phase after preservation
and transplantation has great pathophysiological sig-
nificance in the acute renal failure caused by cold
ischemia. The aim of the present study was to inves-
tigate the function of individual nephrons under
these circumstances.
Methods
The experiments were carried out on male Spra-
gue-Dawley rats (weights, 200—300 g) from the same
animal house (AB Anticimex, Stockholm, Sweden).
They were deprived of food for 12 hr before the
experiment, but they had free access to water. They
were anesthetized with mactin® (Chemical Fabrik
Promonta, GmbH, Hamburg, West Germany) given
i.p. in a dose of 120 mg/kg of body weight. They were
tracheostomized and placed on a servocontrolled
heating pad.
Donor. In order to achieve standardized condi-
tions, the donor rats were pretreated with phenoxy-
benzamine (3 mg/kg of body wt) and heparin (100 JUl
rat) i.v. prior to surgery [35]. The left kidney was
exposed via a midline incision and removed together
with the renal pedicle. The time of warm ischemia in
connection with the excision of the donor kidney was
kept constant at 5 mm in all instances. The kidney
was then rinsed from stagnant blood by hypothermic
perfusion at 40 C for 20 mm with a modified Collins
solution, to which human albumin to a final concen-
tration of five percent had been added [35]. The
perfusion rate was 1.3 mI/mm. Kidneys were re-
jected if the perfusion pressure at the end of the
perfusion exceeded 40 mm Hg or if the macroscopic
inspection showed inhomogeneous rinsing of blood.
The kidneys were then stored at 4° C for 2, 12, or 16
hr.
Recipient. Prior to transplantation, both kidneys
of the recipient animal were exposed via a midline
incision and removed, which left about half of the
renal artery and the renal vein on the left side. The
right carotid artery and the right femoral artery were
cannulated for the purpose of hemodynamic studies
with microspheres. In addition, the left femoral ar-
tery was cannulated for blood pressure measure-
ments, and the left femoral vein was cannulated for
infusion of saline. The infusion rate was 1.2 mI/hr
except in experiments with anuric kidneys, in which
case the infusion rate was 0.6 mI/hr.
Transplantation. A detailed description of the
transplantation technique has been given by Harvig
and Norlén [36]. The donor kidney was suspended in
a lucite micropuncture cup, which was kept cold by
perfusion of ice-cold water through a chamber in the
bottom of the cup. In addition, the kidney was super-
perfused with ice-cold saline; the superperfusate was
continuously sucked off. With this technique, pe-
riods of "half-warm" ischemia were avoided,
thereby contributing to the standardization of the
experiments. The arterial anastomosis was per-
formed using two stay sutures of 9-0 monofilament
and, between these, five interrupted sutures of 10-0
monofilament on each side. With this technique,
there was essentially no pressure drop over the anas-
tomosis. The venous anastomosis was sutured with
continuous 9-0 monofilament; the ends of these su-
tures were left untied to avoid constriction of the
vessel. The ureter was catheterized with a silicon
rubber tube with a minimum m.D. of 0.5 mm. After
completion of the surgery, the cooling procedure was
discontinued, and the blood flow to the kidney was
restored by releasing the clamp on the renal pedicle.
There were four rats in the 2-hr group, seven rats in
the 12-hr group, and five rats in the 16-hr group.
In survival experiments [361, rats receiving kid-
neys exposed to two hours of cold ischemia showed
no postoperative rise in the serum creatinine concen-
tration and no mortality. Rats receiving kidneys ex-
posed to 12 hr of cold ischemia experienced a moder-
ate rise in the serum creatinine and a mortality of
about 50%. Rats receiving kidneys exposed to 16 hr
of cold ischemia showed a steep rise in the serum
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creatinine concentration and a mortality of nearly
100%.
Pressure measurements. Interstitial pressure was
measured via a 25-pm-thick PVC catheter that had
been introduced through a hole made in the renal
capsule and placed with its tip in the subcapsular
interstitial space. The hole in the capsule was sealed
with a silicon rubber compound [37]. The catheter
was attached to a servo-nulling pressure-measuring
device by the method of Wiederhjelm et al [38]
modified by Intaglietta, Pawula, and Tompkins [39].
The interstitial pressure estimated with this tech-
nique, in principle, refers only to the subcapsular
interstitium. In a previous study [40], the subcapsu-
lar space was found to be in free communication with
the rest of the renal interstitium, which suggests that
the subcapsular interstitial pressure is valid for the
whole of the cortical interstitial pressure. The tech-
nique allows for recording of pressures up to 60 mm
Hg, which could be the case for in vitro kidneys
perfused with colloid-free solutions [41]. An impor-
tant source of error with this technique is that the
sealing of the hole in the renal capsula might be
incomplete and thereby might underestimate the in-
terstitial pressure.
Measurements of the hydrostatic pressures in the
superficial microvasculature and the tubules were
carried out with sharpened glass capillaries with a tip
diameter of 2 to 4 im. The glass capillaries were
attached to the servo-nulling pressure-measuring de-
vice by the same technique as that described for the
measurements of the interstitial pressure. Glomeru-
lar capillary pressure was measured by the indirect
stop-flow technique of Gertz et al [42], with injection
of castor oil until the filtration had ceased. The pres-
sure was then measured by a second glass capillary
inserted proximal to the oil blockade. The glomerular
capillary pressure was calculated by adding the stop-
flow pressure (SFP) to the plasma colloid osmotic
pressure; the latter was calculated from the protein
concentration in systemic plasma (see the following).
The pressure in the distal end of the efferent arteriole
was measured as the pressure in the "star vessels,"
which were easily identified on the kidney surface.
The reported capillary pressure refers to the mean
value for randomly punctured small peritubular cap-
illaries. Before micropuncture, the rats had been
given two injections of radioactively labelled micro-
spheres for control of the intrarenal hemodynamics
[34]. The subcapsular interstitial pressure was mea-
sured from the onset of the circulation and for 65 mm
thereafter. The micropunctures were performed dur-
ing a time-interval from a few minutes after recircula-
tion up to several hours thereafter.
Net-driving force. The net-driving force for gb-
merular filtration was calculated from the oncotic
and hydrostatic pressure difference over the glomer-
ular capillary membrane. The colloid osmotic pres-
sure in the proximal end of the glomerular capillaries
was calculated from the protein concentration in
systemic plasma. The oncotic pressure in the distal
end of the glomerular capillaries was obtained from
the systemic protein concentration and the filtration
fraction; the latter was calculated from the single
glomerular filtration rate (SNGFR) estimated in
these studies and the glomerular blood flow reported
in a previous paper [34]. The mean net-driving force
was then calculated according to the formulas given
by Kallskog et al [431. The hydraulic conductivity of
the glomerular membrane was obtained as the
SNGFR divided by the mean net-driving force. Con-
sidering the complexity of such calculations, the re-
sults given should be interpreted as estimates rather
than exact determinations.
Glornerular filtration rate. For the measurements
of total glomerular filtration (GFR) and single neph-
ron filtration rate (SNGFR), tritium-inulin (Amer-
sham, England) from the same batch was given i.v.
in a single dose of 50 MCi, followed by a continuous
i.v. infusion of 50 CiIhr. In experiments with renal
failure, the tritium-inulin was given only as a single
injection of 50 MCi. SNGFR was determined by
injecting castor oil at a length of about five tubular
diameters into a proximal tubule. Proximal to the oil
block, tubular fluid was collected for three to five
minutes. During sampling, the pressure proximal to
the collecting pipette was continuously monitored.
The mean net-driving force for filtration was calcu-
lated as the stop-flow pressure minus the mean intra-
tubular pressure during sampling. The volume of the
sample was measured from the length in constant-
bore capillaries (microcaps, 0.5 p1; Drummond, Sci-
entific Company, USA). The samples of tubular
fluid, urine, and systemic plasma were analyzed by
their tritium content with a liquid scintillation count-
ing technique (Beckman LS-250). Clearance calcula-
tions were made from standard formulas. Leakage of
inulin across the tubular wall was tested in separate
rats with microperfusion of proximal tubules and
subsequent analyses of radioactivity in ipsilateral
and contralateral urine samples.
Urine analysis. The protein concentration (C) in
plasma and urine was measured according to Lowry
[44]. Determination of the protein concentration in
tubular fluid was performed by the same method, but
in a microadaptation allowing for the analyses of 5
10-8 g of protein or less. The corresponding colboid
osmotic pressure (r) was calculated by the formula
Nephron function of transplanted rat kidney 13
given by Landis and Pappenheimer [451,
= 2.l•C' + O.16C2 + O.009C3.
The urinary concentrations of sodium and potassium
were determined by flame photometry. The excre-
tory rates were calculated by multiplying the concen-
trations by the urine flow. The osmolality of the urine
was measured by the freezing-point depression
method.
Anatomy of tubules. The anatomy of the tubules
was investigated by intratubular injection of a sili-
cone rubber compound (Microfil®, Canton Biomedi-
cal Products Inc., Bolder, Colorado), using glass
capillaries with a tip diameter of 10 to 12 After
treatment of the kidney with alcohol and methyl
salicylate, the dissection was performed.
Results
Appearance of the kidney surface
In kidneys exposed to two hours of cold ischemia,
the surface appeared fairly normal a few minutes
after recirculation. The appearance was maintained
throughout the first three hours after the insertion.
Kidneys exposed to 12 hr and 16 hr of cold ischemia
displayed a very typical appearance, which devel-
oped after only two to three minutes, and showed no
essential change during the first hours. The appear-
ance of the tubules was inhomogeneous, some being
clearly dilated and others collapsed. Intermingled
between these abnormal types, tubules with an al-
most normal appearance were observed. No edema
of the kidneys was observed. In the 16-hr group, the
number of collapsed tubules was more frequent at
the expense of tubules with a normal appearance.
Nephron heterogeneity
The heterogeneity of the tubules was reflected in
the distribution of hydrostatic pressures in randomly
punctured proximal tubules, as shown in Figure 1. In
the 2-hr group, the proximal tubular pressure was 12
to 13 mm Hg, and there was very slight scattering;
Both the mean value and the scattering of the pres-
sures resembled those found for the intact kidney by
Källskog et al [461. In the group exposed to 12 hr of
cold ischemia, the pattern was clearly different, with
a wide variation of tubular pressures from 8 to nearly
60 mm Hg. In most of the tubules, the pressure was
increased. In kidneys exposed to 16 hr of cold isch-
emia, the scattering was even more pronounced,
with maximal pressures up to 70 mm Hg. The mean
intratubular hydrostatic pressure was even higher
than in the 12-hr group.
In the frequency diagram, the three groups of 1)
"normal" tubules, 2) dilated tubules, and 3) col-
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lapsed tubules cannot be distinguished. If, however,
the tubules in one individual animal are grouped
according to their appearance, the pressures will
differ more clearly between the groups. Data for the
different nephron groups are presented in Table 1.
The stop-flow and free-flow pressures denoted refer
to the same tubule. The arterial pressures given are
the values recorded at the time of the tubular
punctures.
The pressures in the star vessels and the peritubu-
lar capillaries represent the mean values from all
measurements irrespective of the appearance of the
surrounding tubules. The peritubular capillary pres-
sure was essentially the same in all areas. The star
vessel pressure was sometimes slightly lower, how-
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Fig. 1. Hydrostatic pressures in randomly punctured proximal
tubules in kidneys exposed to 2 hr (upper panel), 12 hr (middle
panel), and 16 hr (lower panel) of cold ischemia.
16 hr
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Table 1. Hydrostatic pressures within tubular and vascular structures, SNGFR, TF1a/Pin, and U1/P1 of kidneys exposed to 2 hr, 12 hr, and
16 hr of cold ischemia (mean SD)a
Peritub.
Appearance
of tubules
Arterial
pressure
mm Hg
Stop-flow
pressure
mm Hg
Intratubular Eff. arter.
pressure pressure
mm Hg mm Hg
cap.
pressure
mm Hg
SNGFR
ni/mm 100 g
BW TF1,JP1 Uia/Pio
2-hr cold ischemia
Normal 102 3(N = 15)
31.9 3.6(N = 15)
12.6 2.9 11.8 3.0(N = 15) (N = 12)
8.3 1.4(N = 9)
13.4 4.4
(N = 10)
2.1 0.4(N = 10)
154 110
12-hr cold ischemia
Normal 100 14(N = 10)
29.9 5.6(N = 10)
19.6 4.4 20.0 7.4(N = 10) (N = 32)
16.2 3.8(N = 13)
7.3 2.0(N = 8)
1.7 0.4 —
Dilated 98 14
(N = 18)
42.8 9.3(N = 18)
38.7 8.3 20.0 7.4(N = 18) (N = 32)
16.2 3.8(N = 13)
6.7 4.0'(N = 7)
— 5.5 1.5
Collapsed 102 14(N = 11)
15.3 3.8(N = 11)
14.8 3.9 20.0 7.4(N = 11) (N = 32)
16.2 3.8(N = 13)
0.2(N = 4)
— —
16-hr cold ischemia
Normal 100 9
(N=4) 37.8 4.9(N=4) 30.5 5.7 26.7 6.0(N=9 (N=18) 21.2 8.3(N=10) 4.8 1.0(N=4)
— —
Dilated 95 9
(N=5)
48.6 13.7
(N=5) 48.6
13.7 26.7 6.0
(N=5) (N=18)
21.2 8.3
(N=10)
2.7 3•7c
(N=5)
— 2.3 0.6
Collapsed 99 3(N=4)
17.0 5.5
(N=4)
12.6 2.9 26.7 6.0(N=' (N=18) 21.2 8.3(N=lO) — — —
a The tubules are grouped, according to their appearance, into "normal," dilated (with no or slight fluid flow), and collapsed (with no
visible fluid flow). Abbreviations used are: SNGFR, single nephron filtration rate; TF1,/P1, ratio of tubular fluid inulin concentration to that
of plasma; U1,JP1,, ratio of urinary concentration of inulin to that in plasma; BW, body weight.
b Artificially induced filtration by reduction of the intratubular pressure. The stop-flow pressure minus the mean pressure during the
sampling of the filtrate was 16.1 10 mm Hg.
The stop-flow pressure minus the mean pressure during the sampling was 10.2 3.6 mm Hg.
ever, in the areas with collapsed tubules than it was
in those with dilated tubules, but there were no major
differences.
Nephron function
Two hours of cold ischemia. In the kidneys ex-
posed to 2 hr of cold ischemia, the interstitial pres-
sure five minutes and one hour after recirculation
was comparatively normal at 1.5 1.0 and 1.3 0.5
mm Hg (mean SD), respectively [37]. The pres-
sures obtained in tubular and vascular structures
(Table 1) were somewhat lower than those in normal
animals [461; The mean peritubular capillary pres-
sure was 8.3 mm Hg (vs. normal pressure, 12.4 mm
Hg), the star vessel pressure was 11.8 mm Hg (vs.
normal, 14.0 mm Hg), the proximal tubular pressure
was 12.6 mm Hg (vs. normal, 13.9 mm Hg), and the
stop-flow pressure was 31.9mm Hg(vs. normal, 40.1
mm Hg). These discrepancies might partly be due to
the fact that the mean systemic blood pressure was
somewhat lower in this investigation (102 vs. 124mm
Hg).
The SNGFR was normal at 13.4 nhlmin . 100 g of
body wt (vs. normal value, 14.1 nhlmin . 100 g of
body wt). The mean net-driving force was calculated
to be 14.1 mm Hg, and the hydraulic conductivity
was calculated to be 0.95 nhlmin mm Hg . 100 g
body wt (vs. normal value, 0.7 to 0.8 nl/min
mm Hg . 100 g of body wt, according to Kallskog et
al [43]).
The pressure for the superficial vascular bed is
depicted in Figure 2 and appears normal with a small
scattering of the data. The glomerular capillary pres-
sure was calculated by adding the stop-flow pressure
to the colloid osmotic pressure () of 19.8 mm Hg
(plasma protein concentration, 5.9%). The protein
concentration in proximal tubular fluid was checked
and found to be nil.
Twelve hours of cold ischemia. In kidneys ex-
posed to 12 hr of cold ischemia, the interstitial pres-
sure was slightly above normal after five minutes (2.5
1.8 mm Hg) and one hour after the onset of
circulation (3.6 2.7 mm Hg). This minor rise in
interstitial pressure excludes the possibility that in-
terstitial edema is an important etiological factor in
this renal failure. The pressures obtained refer, how-
ever, to the cortical interstitium, communicating
with the subcapsular space. It does not exclude the
possibility of local edemas, for instance, in the renal
medulla. As shown in Table I and Figure 3, the
pressures in the peritubular capillaries and the star
vessels were clearly elevated to about twice those
obtained in kidneys exposed to two hours of cold
ischemia. This indicates an increased vascular resis-
tance between the peritubular capillaries and the
renal vein.
t SNGFR 13A 4.4 nI/minlOO 9
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Fig. 2. Hydrostatic pressure in the supeiflcial vascular network,
the proximal tubules, and the subcapsular interstitium (hatched
area) in kidneys exposed to 2 hr of cold ischemia.
Fig. 3. Hydrostatic pressures within the superficial vasculature,
proximal tubules, and renal subcapsular interstitium (hatched
areas) in kidneys exposed to 12 hr of cold ischemia. The panel to
the left shows the conditions for the "normal" nephrons, and the
panel to the right those for the ischemic and obstructed nephrons.
The pressures in star vessels, peritubular capillaries, and renal
interstitium were assumed to be the same for all the three different
nephrons.
In "normal" tubules, the stop-flow pressures were
somewhat lower than that in the intact kidneys,
whereas the free-flow pressures were clearly ele-
vated to 19.6 mm Hg, suggestive of an increased
outflow resistance. The SNGFR was 7.3 nl/min 100
g of body wt, i.e., about half the value for normal
kidneys. The mean net-driving force was calculated
to be 9.1 mm Hg, and the hydraulic conductivity was
calculated to be 0.8 nI/mm mm Hg 100 g of body
wt, i.e., about the same conductivity as found by
Kallskog et al [43]. The plasma protein concentra-
tion was 5.8 0.4%.
Most of the "dilated" tubules had no filtration,
and therefore the stop-flow pressure in most tubules
was equal to the "free-flow" pressure; but a few
tubules did have filtration, which explains the differ-
ence in the two pressures noted. Filtration could be
induced, however, by artificial lowering of the proxi-
mal tubule pressure. The given figure of 6.7 nllmin
100 g of body wt was obtained when the intratubular
pressure was decreased to 16.1 10 mm Hg below
the stop-flow pressure. The calculated hydraulic con-
ductivity was normal. It should be emphasized, how-
ever, that the first portion of the fluid to be sampled
is the fluid accumulated during the obstructive condi-
tion. The volume of this fluid is very small (about 3.5
ni), but the inulin concentration might be high and
then lead to an overestimation of the SNGFR. The
average inulin concentration ratio between tubular
fluid and plasma (TF1/P1) was 1.5, which speaks
against a more pronounced overestimation. The
pressure drop profile for the groups of dilated neph-
rons is shown in Figure 3 (panel to the right). Gb-
merular capillary pressure was placed equal to the
stop-flow pressure since, under these conditions,
there will be an equilibrium of plasma proteins across
the glomerular membrane. Samples of tubular fluid
showed, in fact, a protein concentration of six to
eight percent.
In the "collapsed" tubules, the intratubular pres-
sure was astonishingly high, at 14.8 mm Hg. Even
though these tubules looked collapsed in comparison
with the other tubules, there was a narrow space in
which the intratubular pressure could be measured,
using the servo-nulling device. As no filtration oc-
curred, the stop-flow and "free-flow" pressures
were equal. On some occasions, although rare, distal
tubules could be identified with certainty, and their
pressures were found to be about 15 mm Hg (vs.
normal value, 5.5 mm Hg) [47].
Sixteen hours of cold ischemia. In kidneys ex-
posed to 16 hr of cold ischemia, the interstitial pres-
sure was somewhat lower than that in the 12-hr
group (1.6 1.2 and 2.3 2.5 mm Hg, respectively).
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This might have been due to the fact that only few
tubules were open in the 16-hr group. The pressures
in the peritubular capillaries and star vessels were
clearly higher than they were in kidneys exposed to
12 hr of cold ischemia, again indicating an increased
outflow resistance. The gross appearance of the tu-
bules was the same as that in the 12-hr group, though
normal tubules were less frequent and collapsed tu-
bules were more frequent. The free-flow pressure in
the "normal" tubules was somewhat higher than that
in the 12-hr group, and the filtration rate was accord-
ingly lower (4.8 1.0 nI/mm 100 g). Dilated and
collapsed tubules showed roughly the same charac-
teristics as in the 12-hr group, even though the pres-
sures were somewhat higher. The mean plasma pro-
tein concentration was 6.0 0.3% (ii- = 20.3 mm
Hg).
Excretoiy data
The data on urine flow, urine osmolality, potas-
sium excretion, and urine protein concentration are
presented in Figure 4.
Urine flow. The urine flow in kidneys exposed to
two hours of cold ischemia started soon after recircu-
lation as a heavy polyuria. During the subsequent
three hours, the urine flow decreased progressively
towards normal values. In kidneys exposed to 12 hr
of cold ischemia, the onset of the urine flow was
delayed. These kidneys were also polyuric, but they
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differed from the two-hour group in that the polyuria
remained constant up to three hours after the recir-
culation. Kidneys exposed to 16 hr of cold ischemia
showed a more marked delay of urine production,
and most of them were oliguric.
Glomerular filtration rate. The GFR in the two-
hour group (as measured by inulin clearance) was
almost normal (0.9 0.1 mI/min rat, mean sEM),
which was in sharp contrast to the kidneys exposed
to 12 and 16 hr of cold ischemia, for which the
clearance values were 0.05 mllmin and 0.005 mI/mm,
respectively. The figures are not representative for
GFR, since back-leakage of inulin had influence. In
separate experiments (unpublished data) on kidneys
exposed to 12 hr of cold ischemia (right kidney not
removed), inulin leakage was tested by microperfu-
sion of "normal" tubules and with subsequent ipsila-
teral and contralateral urine-sampling. Most of the
inulin injected appeared in urine from the contralat-
eral kidney. The leakage was probably located distal
to the proximal convoluted tubules, because in this
segment the absolute reabsorption calculated from
SNGFR and TFI/PI fitted to the data obtained with
the split-oil droplet technique.
Urine osmo/ality. The urine osmolality in the two-
hour group was about 1,000 mOsm/kg as early as one
hour after the recirculation, showing a further in-
crease towards 2,000 mOsm/kg during the first three
hours. This sharply contrasted to the kidneys ex-
posed to the longer times of cold ischemia, which
were isosthenuric and remained so for the first three
hours. No difference between the 12-hr and the 16-hr
groups, with respect to the osmolality, was found.
Potassium excretion. The potassium excretion in
the two-hour group was normal. In the 12-hr and 16-
hr groups, there was only a small excretion of potas-
sium; the urinary potassium concentration was es-
sentially the same as that in systemic plasma. Evi-
dently, the ability to secrete potassium deteriorated
in kidneys exposed to the longer times of cold isch-
emia. As the potassium secretion takes place in the
distal tubules and collecting ducts, the functional
impairment is assumed to be located in these tubular
segments.
Sodium excretion. The sodium excretion paral-
leled the urine flow, though the urinary sodium con-
centration in the 2-hr group was up to 250 mmoles/
liter, compared with about 150 mmole s/liter in the 12-
hr and 16-hr groups.
Urine protein concentration. The urine protein
concentration in the two-hour group was about one
percent, whereas urine from kidneys exposed to 12
and 16 hr of cold ischemia had concentrations of
about six percent. This indicates a leakage of pro-
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Fig. 4. Excretory data on kidneys exposed to 2 hr, 12 hr and 16 hr
of cold ischemia. The upper left panel gives the urine flow, the
lower left panel the urine osmolality, the upper right panel the
potassium excretion, and lower right panel the urine protein con-
centration. It should be noted that kidneys exposed to 2 hr of cold
ischemia had an initial polyuria which decreased progressively
towards normal values within 3 hr, parallel to the increase in urine
osmolality. In kidneys exposed to the longer times of cold is-
chemia, the excretory data show an isosthenuric condition, either
polyuric (12 hr) or oliguric (16 hr), and the kidneys were unable to
secrete potassium. Urine from these kidneys also had a high
protein content, which suggests functional damage to the glomeru-
lar capillary membrane.
Nephron function of transplanted rat kidney 17
teins across the glomerular capillary membrane. In
"normal" tubules in the 12-hr group, the proximal
tubular filtrate contained proteins in a maximum con-
centration of one percent.
Proximal tubular reabsorption
The proximal tubular reabsorption in the two-hour
group remained intact, with a normal SNGFR and
normal TF111/P1 of 2.1 0.4 (mean SD). In the 12-
hr group, the 'normal" tubules had a TF1/P1 of 1.7
0.4, whereas SNGFR was halved, suggesting a
50% decrease in the absolute reabsorption. The
urine/plasma inulin ratio (U1/P1) was 154 110 in
kidneys exposed to the shortest ischemia. In the 12-
hr group, the U1IP1 was 5.5 1.5, and in the 16-hr
group, it was 2.3 0.6.
Anatoun' of tubules
Intrarenal localization of nephrons belonging to
the different groups was investigated by injecting a
silicone rubber compound (Microfil) into the proxi-
mal tubules. The results showed a passage to the
renal pelvis for both "normal" and collapsed tu-
bules, but not for the dilated tubules, which were
thus obstructed. Furthermore, when the Microfil in-
jection was given under high pressure, the tubular
wall suddenly burst, and the Microfll penetrated into
a capillary system (vascular or lymphatic).
Discussion
Histoincompatible strains of rats have been used
in these experiments. Preformed antibodies may oc-
cur, but these are rare; thus, immunological reac-
tions are unlikely to occur during the first days after
transplantation (WIGZELL H, personal communica-
tion). The different groups were chosen to mimic the
clinical situation. Kidneys exposed to two hours of
cold ischemia will thus correspond to transplanted
kidneys with an immediate and good function and
also to the situation of transplantation of kidneys
from living donors. The kidneys are denervated, but
this will, probably, not cause any major changes in
the renal function, except for a slight increase in the
fluid and sodium excretion.
The kidneys exposed to 12 hr and 16 hr of cold
ischemia presented here will mimic transplants
where the kidneys have been exposed to longer times
of cold and warm ischemia, for instance, as will be
the case in the transplantation of cadaver kidneys.
These are often characterized by a delayed onset of
function and a greatly reduced glomerular filtration
rate. They will often have an isosthenuric polyuria. It
seems reasonable to draw the conclusion that in
human kidney transplantation, also the impaired
function will be due to non-filtering glomeruli caused
by obstruction of the tubular lumen or glomerular
ischemia.
Tii'o hours of cold ischemia. Kidneys exposed to
alpha-adrenergic blockade (phenoxybenzamine), five
minutes of warm ischemia, hypothermic perfusion,
and transplantation might obviously be expected to
have functional changes. The data obtained from the
kidneys exposed to the shortest period of cold is-
chemia, however, were surprisingly normal, except
for polyuria with loss of sodium. The polyuria was
neither due to a disturbance of the glomerular filtra-
tion rate nor to a reduced proximal tubular reabsorb-
ance (TF1/P1 was 2.1); it probably was due to an
impairment of renal medullary function. This phe-
nomenon does not necessarily indicate manifest
damage, but it might merely mean that the osmolar
gradients in the renal medulla had disappeared dur-
ing the preservation and that time was needed to
reestablish them. The findings also mean that the
experimental procedure per se will not cause any
major functional disturbance.
Twelve and 16 hours ofcold ischemia. The distur-
bances found in kidneys exposed to 12 and 16 hr of
cold isehemia are thus really due to damage caused
by this duration of cold ischemia. The nephron heter-
ogeneity is indeed confusing, though it has been
reported for other models of "acute renal failure"
[11, 14, 21, 32, 48, 491. In our opinion, the heteroge-
neity is an expression of distinct functional differ-
ences with areas containing 1) dilated nephrons with-
out filtration due to a high intratubular pressure, 2)
nephrons with collapsed tubules due to lack of filtra-
tion, and 3) fairly "normal" nephrons. Tubular het-
erogeneity was developed within a few minutes after
restoration of the kidney circulation, and this per-
sisted throughout the first three hours. The reason
why some areas contained collapsed nephrons and
other areas contained dilated nephrons remains
unexplained. The collapsed nephrons might belong
to deep glomeruli in the ischemic inner parts of the
cortex; in the 16-hr group the collapsed nephrons
were more frequent and associated with a more
widespread ischemia in the deep portions of the
cortex. This explanation would, however, seem un-
likely since few tubules belonging to deep glomeruli
will reach the kidney surface.
"Normal" nephrons. In the 12-hr group, the nor-
mal nephrons had a slight reduction to about 50 mm
Hg of the calculated glomerular capillary pressure,
whereas the early proximal tubular pressure was
raised to 20 mm Hg. The single nephron filtration
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rate of 7.3 nh/min 100 gof body wt was proportional
to the net driving force, indicating a normal hydraulic
conductivity in the glomerular membrane. The func-
tional difference between "normal" and dilated
nephrons might be that the "normal" nephrons are
partially obstructed and the dilated nephrons are
totally obstructed.
Dilated nephrons. The obstruction in the dilated
tubules was very firm, and Microfil injected under
high pressure could not be forced through them but
penetrated into the surrounding peritubular (or
lymph) capillaries. This is in disagreement with the
report by Tanner and Steinhausen [50], who attrib-
uted a sudden release in pressure, when perfusing
obstructed tubules, to the wash-out of an intratubu-
lar plug. In our model, the sudden pressure release
was due to bursting of the tubular wall. The greatest
likelihood is that the obstruction was located in the
late part of the proximal tubules or the loop of Henle,
as no Microfil was found to penetrate into these
segments.
The nature of the obstruction has been discussed
by Arendhorst, Finn, and Gottschalk [8] and others
[11, 50]; it has been presumed to be due to intratubu-
lar cellular debris and proteinaceous material. On the
other hand, the obstruction might be explained by
swollen epithelial cells in the corticomedullary region
or interstitial edema in the damaged renal medulla
[51, 52]. The glomerular function must have re-
mained essentially intact, as artificial lowering of the
proximal tubular pressure induced filtration. In some
instances, the pressure in the obstructed tubules
could be as high as 60 mm Hg, a pressure which is
even higher than the glomerular capillary pressure in
"normal" nephrons. It should be emphasized that in
these cases the pressures are equal to the glomerular
capillary pressure, since equilibration of plasma pro-
teins takes place across the glomerular capillary
membrane. This was, in fact, confirmed by direct
measurements of the protein concentration in proxi-
mal tubular fluid.
"Collapsed" nephrons. Even if these tubules
looked collapsed, there was a narrow space allowing
for pressure measurements. The pressure in these
tubules probably reflects the pressure in the early
part of the collecting ducts transmitted passively
backwards through the open tubular system.
There was no filtration, evidently due to glomeru-
lar ischemia, although it could be due to plugging of
Bowman's space. The ischemia, in turn, might be
due to alferent arteriolar constriction. One possibil-
ity could be activation of the tubulo-glomerular feed-
back system transmitted by the renin-angiotensin
system, as proposed by Thurau [54] and Mason [55].
This mechanism is unlikely, however, as the load on
the macula densa segment of the nephron was zero.
An alternative explanation to the ceased filtration,
suggested by Oken [29, 53] and by Reubi and Vor-
burger [30], is an afferent constriction with concomi-
tant efferent arteriolar dilatation, in which case the
glomerular blood perfusion should be undisturbed.
The peritubular capillary blood flow in these areas of
collapsed tubules seemed, however, to be sluggish,
thus, contradictory to the latter interpretation.
Excretory data. Kidneys exposed to both 12 and
16 hr of cold ischemia exhibited isosthenuria, either
polyuric (12 hr) or oliguric (16 hr). Further, the tubu-
lar load on the loop of Henle was reduced. The
isosthenuria could thus be explained as due to mani-
fest renal medullary failure. The inability to secrete
potassium is very interesting in this context and
points to a dysfunction of the distal tubule and the
medullary collecting ducts. Determinations of urine
osmolality and urine potassium concentration could
comprise a sensitive diagnostic test of ischemic dam-
age. Protein was present in the urine in a concentra-
tion of about one percent in the two-hour group,
whereas the kidneys exposed to longer periods of
cold ischemia had a urine protein concentration of
about five to seven percent, suggestive of increased
leakage of proteins across the glomerular capillary
membrane. The excretory data are clearly compati-
ble with the idea of an impaired medullary function.
Outflow resistance. The obstruction of the tubules
is not restricted to the 1oop of Henle but may also
occur in the collecting ducts. Thus, the hydrostatic
pressures in the "normal" tubules were generally
increased with a proximal tubular pressure of about
20 mm Hg and a distal tubular pressure of 15 mm Hg.
The pressure drop from proximal to distal tubules
was 5 mm Hg, which is equal to that in intact kid-
neys. Taking into account, however, the reduced
delivery to the loop of Henle, we suggest that the
pressure drop indicates an increased resistance in
this segment. The distal tubular pressure of 15 mm
Hg is about 10 mm Hg above that in intact kidneys,
indicating an increased resistance in the collecting
ducts. The fall in pressure in the collecting ducts is
probably located in the Belllni ducts (ULFENDAHL
H, personal communication, 1977). As regards the
vascular structures, there was an increased pressure
drop between peritubular capillaries and the renal
vein in both the 12-hr and 16-hr kidneys. The same
phenomenon has also been found in experimental
acute renal failure by others [12, 32].
In a previous study from this laboratory [34], it
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was shown that in kidneys damaged by cold isch-
emia, the blood flow in the cortico-medullary region
was grossly reduced in the early post-transpiantatory
period. A concomitant edema of this region and/or in
that of the medulla itself could compress the thin-
walled arcuate veins, causing an increased outflow
resistance. The same mechanism might also underly
the increased urinary outflow resistance.
From the present investigation, it seems reasona-
ble to assume that an early event in ischemic damage
to the kidney is an impairment of medullary function.
After short periods of ischemia, the dysfunction is
restricted to the medulla and is quickly reversible.
After longer periods, causing renal failure, the med-
ullary function is severely damaged and the cortical
functions are also impaired.
Reprint requests to Dr. B. J. Nor/en, Department of Urology,
University Hospital, S-750 14 Uppsa!a, Sweden.
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